The conformational dynamics of cytochrome P450 enzymes are critical to their catalytic activity. In this study, the correlated motion between residues in a 200ns molecular dynamics trajectory of the thermophilic CYP119 was analyzed to parse out conformational relationships. Residues that are structurally related, for example residues within a helix, generally have highly correlated motion. In addition, clusters of non-adjacent residues that show correlated motion ("hot spots") are seen in various regions, including at the base of the F and G helices that make up the most dynamic region of the enzyme. A modified k-means algorithm that clusters residues based on their correlated motion indicates that functionally related residues are in the same cluster (e.g., the catalytic threonines and the heme). Tightly coupled clusters form a solvent-exposed "shell" around the enzyme, whereas less coupling between clusters is seen in regions that are critical to ligand interactions, redox partner interactions, and catalysis. Most notably, we find that residues in the active site move independently from the rest of the enzyme, effectively insulating the catalytic machinery from other regions of the protein.
Introduction
The cytochrome P450 enzymes (CYP P450s) are versatile catalysts that have been referred to as Nature's "molecular blowtorch" [1, 2] . This designation derives from their ability to oxidize a wide variety of chemically diverse substrates with exquisite regio and stereo selectivity [3, 4] . Due to this unique capability, P450 enzymes have an exciting potential in biotechnological applications [5] , including the production of biofuels [6] , bioremediation [7] , and the generation of authentic metabolic standards for drug discovery and development [8] [9] [10] [11] . Although much progress has been made in understanding the detailed mechanism of the P450 catalytic cycle, efforts to replicate the efficiency and selectivity of P450 mediated oxidation in biomimetic catalysts have met with only limited success [12, 13] . This testifies to the importance of the apoprotein structure in the catalytic process, which is emphasized by an extremely conserved protein fold [3, 12] . Furthermore, the important role of protein dynamics in the P450 catalytic process has been highlighted in a number of recent publications [14] [15] [16] [17] . Consequently, a precise understanding of the role that protein structure and dynamics play in ligand recognition and catalysis is needed for the further development of cytochrome P450 enzymes as practical catalysts. Long molecular dynamics simulations [18] , which take place on the hundreds of nanosecond to microsecond timescales, provide an approach to model the major conformational changes that occur during catalysis and have proven to be useful in understanding enzymological phenomena [19] [20] [21] . However, the abundance of data obtained from such simulations can be difficult to evaluate. Analyzing the correlated motion of residues in the protein can provide insight into which regions of the enzyme are directly involved in the catalytic process. This type of analysis has been successfully applied to identify domain-domain correlations in both HIV protease and cytochrome P450 BM3 [22, 23] . Here we introduce a quantitative analysis of molecular dynamics correlation matrices applied to a long-timescale simulation of cytochrome P450 CYP119. We establish that residues that are functionally related have coupled dynamics. Furthermore, we are able to designate clusters of residues with coupled dynamics, and examine how much coupling occurs between clusters. Finally, the resulting model predicts that residues in the active-site move relatively independently from the rest of the protein, effectively insulating the catalytic machinery from external dynamics.
Materials and Methods

Molecular dynamics simulations
The molecular dynamics starting structure was chain A of a 2.05 Å ligand-free crystal structure of CYP119, a cytochrome P450 from the archaeon Sulfolobus acidocaldarius (PDB 1IO9) [24] . Missing residues at the C-terminus were added using PyMOL [25] . Molecular dynamics were carried out using the Gromacs 4.0 simulation software package [26] with the OPLS force field [27] and explicit TIP3P water [28] . The water box was created 15 Å from the protein boundaries, and periodic boundary conditions were used. Simulations were run at 300K with 4 fs timesteps, with constant temperature maintained by the V-rescale algorithm [29] . Hydrogen bonds were constrained using the LINCS algorithm [30] . Seven Na + ions were added to achieve a neutral charge. Long range electrostatic interactions were treated by the Particle-Mesh Ewald method [31] . Previously published heme atom parameters such as partial charges were used [32] , with the heme Fe 3+ coordinated to O 2 . The simulation contained 77,588 atoms, including: 6,664 atoms of the protein, 23,639 waters, and 7 Na+ ions. Energy minimization was followed by a 200 ps equilibration under constant pressure maintained by coupling the system to a pressure bath at 1.0 atm [33] . Following equilibration, the simulations were maintained at constant volume. Data are based on one 200 ns trajectory collected on 8 processors in a linux cluster.
Mutual information
Mutual information (MI) between two random variables is calculated as: [34] To calculate the MI in the dynamics between pairs of residues, we represent the trajectory of each residue as a distance from a moving average over time (i.e. distance over time), a compressed version of the real trajectory (i.e. (x,y,z) coordinates over time). Specifically, the average position of the CA atom is calculated in a 500 ps window centered on the current timestep, and the distance between the current position and moving average position is determined. MI was calculated for all pairs of residues in the protein. Mutual information between the heme and residue X is calculated as the average MI between all heme atoms and the CA of residue X. MI is normalized by joint entropy so that MI between lower entropy residues is weighted equally with MI between higher entropy residues:
Normalized MI (MI norm ) is reported throughout the manuscript.
Mutual information calculations were implemented as a Gromacs accessory tool written in the C programming language. An external-memory algorithm was used to reduce the memory requirement. This tool will be made available as free software under the GNU General Public License.
Clustering
A modified k-means algorithm is used to cluster the residues based on MI. The distance metric is defined as [34] Instead of starting with randomly assigned cluster centers as per the k-means algorithm, we assign each CA position as a cluster center and iterate through all residues 100 times.
Results
Correlated motion in a 200 ns MD trajectory of CYP119 was calculated using mutual information (MI), a method that has been used previously in conjunction with molecular dynamics to reveal functionally important correlations [35] [36] [37] . MI is a statistical measure of correlation that includes both linear and non-linear correlations and as such captures more biologically relevant correlations than other methods [36] .
Global protein motion
The overall structure of CYP119 stayed stable over the entire 200ns trajectory, with an average C alpha root mean squared deviation (RMSD) of 2.5Å. As published previously, the region with the greatest RMSD was the F/G loop. The F/G loop begins in the open conformation, samples the closed conformation, and returns to the open conformation [38] .
3.2 Highest MI norm pairs are along peptide chains, within secondary structure elements, and in "hot spots" connecting secondary structure elements MI norm between all pairs of residues was calculated (see Materials and Methods for more details) and the resulting 368 × 368 matrix is shown in Figure 1A . High MI norm (i.e. more tightly coupled motion) between residues is indicated in red, and low MI norm (i.e. residues that move more independently) is indicated in blue. The definition of correlated motion calculated by MI imparts the following two properties on the matrix: (1) the matrix is symmetric because MI(X,Y) = MI(Y,X), and (2) the diagonal line (MI(X,X), the correlated motion between a residue and itself) is the highest MI value for each residue.
Pairs of residues with the highest correlated motion are shown in Figure 1B -D. Figure 1B highlights just the residue pairs with the highest (red, MI norm > 0.35) and second highest correlated motion (green, 0.3 < MI norm <= 0.35). All other residue pairs are colored blue. As fits with intuition, the highest correlated motion is between neighboring residues along the peptide chain (near the diagonal) and within secondary structure elements.
Helices appear as a thicker diagonal in the MI matrix (i.e. MI between primary sequence neighbors is higher within a helix than in non-helical regions) and residues within a helix are amongst the most correlated residue pairs ( Figure 1A ,B). The exception to this typical helical pattern is the I-helix, the longest helix which traverses the entire protein and includes residues that participate in catalysis [3] . MI in the I-helix reveals residues that move in three independent groups, rather than the typical one coupled group per helix (see Supplemental Figure 1 for a close up figure of this region). The regions at the N-and C-terminal ends of the I-helix show coupled dynamics that are consistent with other helices, although there is little coupling between these two regions. Residues in the middle region of the I-helix, a conserved region which includes all catalytic residues, move relatively independently from the rest of the residues in the I-helix as well as the rest of the enzyme (rather than the more typical coupled motion seen between residues in the same helix). The I-helix of cytochrome P450's often contain a kink in the alpha helical structure in this middle region [3] .
Beta strands appear as a line in the MI matrix (for example with antiparallel beta strands, residue X is coupled with residue Y, residue X+1 is coupled with residue Y−1, etc.) and residues between beta strands are amongst the most correlated residue pairs ( Figure 1A,B) . The three off-diagonal regions with high MI norm pairs are circled in Figure 1B and colored red on the ligand-free crystal structure (1IO9 [24] ) in Figure 1C . These regions mainly surround the beta strand secondary structure.
The second highest correlated motion is seen with "hot spot" residue pairs that are dispersed throughout the structure and connect between different secondary structure elements (green in Figure 1B , orange in Figure 1C ). "Hot spots" are defined as residue pairs that have high MI norm and cluster in 3D space, but are not adjacent in the primary sequence. The largest cluster of hot spots occurs at the base of the F and G helices. The loop between these two helices, the FG-loop, is the most dynamic region of the enzyme [3, 39] and indeed this region is the most dynamic region in our simulation. Motion of this loop in and out of the active site renders the enzyme in either a "closed" or "open" state [39, 40] . In our simulation the FG loop moves independently from the rest of the enzyme (low MI norm ), providing an explanation for previous crystallographic evidence that shows little movement in the rest of the enzyme between the open (ligand-free [24] ) and closed (ligand-bound [41] ) states. Loop regions are also in tightly coupled MI hot spots, including loops near the active site. Previous studies provide data that is consistent with hypotheses generated from coupled motion in the dynamics. For example, directed evolution towards a more active form of the cytochrome P450 enzyme vitamin D 3 hydroxylase [42] results in four mutations that are far from the active site, shifting the conformational equilibrium of the enzyme towards the closed state. One mutation is located in the hot spot region we identified in CYP119 at the base of the F and G helices, and the other three mutations are within a few residues of other hot spots we identified. One hypothesis consistent with this data is that mutation of hot spot residues results in structural changes, and further studies in which residues both near and far from hot spots are mutated would be of great interest.
Residues can be clustered into 23 coupled units
The 368×368 residue MI norm matrix ( Figure 1A) can be simplified by clustering residues with coupled dynamics together. K-means clustering results in 23 coupled units of the enzyme that move together (see Materials and Methods for details). Intra-cluster residues are more coupled to each other than to residues outside the cluster. Figure 2A shows the 23×23 matrix where each element is the average MI norm between all residues in each cluster. Figure 2B shows each coupled unit on the structure.
The K-means algorithm clusters the heme cofactor together with the catalytic residues in the I-helix. Residues in the F/G loop are also clustered together in a separate cluster from the catalytic residues. The fact that functionally related residues are clustered together supports the relevance of clustering based on dynamics. The K-means algorithm also clusters the Ihelix clusters into the same three regions previously described by the I-helix dynamics (see Section 3.1).
Inter-cluster coupling reveals a tightly coupled "outer shell" and more loosely coupled active-site and regions involved in ligand and redox partner interactions
The K-means algorithm clusters residues that are most coupled to each other (coupled units of residues that move together), and the average MI norm between these clusters is also calculated (off-diagonal elements in Figure 2A ). All coupled units with average MI norm > 0.3 between them are shown with surface representation in Figure 3 . Tight coupling between coupled units is seen around the solvent-exposed surface of the enzyme, whereas coupled units in the active site move more independently from their neighboring coupled units. These more loosely coupled residues include catalytic residues, the heme cofactor, the dynamic F and G helices, the FG loop implicated in ligand binding, and the B, B′, C helices implicated in ligand egress. Previously identified egress channels are all located in the more loosely coupled regions [43] . The proximal surface of CYP119 has been implicated in interactions with redox partners [44] . All of the proximal surface is part of the tightly coupled "outer shell" except for one cluster that contains the proximal cysteine ligand, Cys117. Thus, surfaces that are involved in interacting with ligand or ligand binding are more loosely coupled than the rest of the enzyme.
The active site moves relatively independently from the rest of the enzyme
The active site of CYP119 is a deep, hydrophobic cavity in the center of the enzyme which contains the heme cofactor. The iron-coordinated cysteine thiolate ligand (Cys317) is located on the proximal side of the heme, whereas the catalytic residues of the I-helix and substrate binding residues in the B, B', and C helices are located on the distal side of the heme. MI correlation analysis suggests that active site residues move relatively independently from the rest of the enzyme. Figure 4 shows the average MI norm within 5Å for each residue, with residues that are highly coupled to their neighboring residues colored red and residues that move relatively independently from their neighbors colored blue. Residues in the active site, including the heme cofactor, catalytic residues, and F/G loop are the least coupled to their neighboring residues. Figure 5 shows the mean MI norm between each residue and the heme cofactor (high MI norm colored orange, low MI norm colored blue). The catalytic residues in the I-helix, the proximal cysteine thiolate ligand, and a few residues in active site loops are the most coupled to the heme cofactor.
Discussion
Correlated motion between protein residues is essential for functions such as interaction with ligands, catalysis, and allostery [14, 36, 45] . Here, we have demonstrated the utility of the mutual information technique (MI) to analyze correlated motion in a 200 ns molecular dynamics simulation of P450CYP119, a thermostable cytochrome P450 from Sulfolobus acidocaldarius. We have previously established that a 200 ns molecular dynamics simulation of the same enzyme captures transitions between known conformations in the absence of ligand [38] , suggesting that functionally relevant dynamics occur on this timescale.
P450 enzymes exhibit profound conformational plasticity [3] . In particular, the F/G loop (residues 152-163) is a dynamic region on the distal side of the catalytic site that has been implicated in ligand recognition and binding. Prior crystallographic and NMR studies have demonstrated that this region undergoes dramatic conformational rearrangement in and out of the active site to create an open [24] and closed [41] state. These structural rearrangements adjust the volume and the electrostatic surface potential of the active site so that it may accommodate different ligands [3, 39] . Indeed, in our simulation this region exhibits the greatest flexibility [38] . MI reveals that the F/G loop has low MI compared to other residues in the enzyme (the loop moves independently rather than in a coupled fashion), and thus the loop is able to move in and out of the active site without affecting the positions of other residues. F/G loop dynamics thus provide an explanation for previous crystallographic evidence that shows little movement in the rest of the enzyme between the open and closed states.
MI patterns in other regions of the enzyme can also be linked to structural and functional properties of the enzyme. For example, residues that are structurally related through covalent bonds (e.g. adjacent in the peptide chain) or side-chain interactions (e.g. between beta strands) have high MI (coupled motion). P450 secondary structure is predominantly helical and residues within the same helix generally have coupled dynamics, with the I-helix being a notable exception. We observe several regions in which there is a cluster of coupled motion between residues that are not adjacent in a peptide chain and we term these regions "hot spots". While determining the significance of these hot spots requires additional study, it is intriguing to note experimental evidence that mutations near these hot spots affect catalysis in a related P450 CYP, despite the fact that they are far from the active site [42] .
We reduce the complexity of the 368 × 368 MI matrix (Figure 1 ) by clustering together residues with coupled dynamics using a modified k-means algorithm. A total of 23 clusters emerge from this analysis (Figure 2) . The functional significance of the clusters is suggested by the fact that the catalytic residues in the I-helix are in the same cluster as the heme cofactor. Coupling between the clusters (off diagonal elements in the 23 × 23 matrix) reveals how much coupling there is between different regions of the enzyme. MI patterns reveal that clusters with the highest amount of coupling between them form a surface-exposed "shell" around the enzyme (Figure 3 ). Clusters that are more loosely coupled to other clusters occur in the inner regions of the enzyme (catalytic site), regions involved in ligand interactions (distal side), and regions involving redox partner interactions (proximal side) (Figure 3 ). On the distal side, ligand binding loops (the F/G loop) [39] and all the ligand egress channels (near the B, B′ and C loops) [43] occur in regions where the clusters are more loosely coupled to one another. The cluster that is loosely bound to other clusters on the proximal side contains Cys317, the cysteine thiolate ligand that is bound to the heme co-factor. While the significance of these coupling patterns will need further study, one hypothesis that emerges is that the enzyme is able to bind to ligands and protein partners without affecting the dynamics in other regions of the enzyme.
A striking feature of the dynamics is that the enzyme active site moves independently from the rest of the protein (Figures 4 and 5 ). This implies that many of the functionally significant conformational changes that take place during the catalytic process are limited to a subset of residues clustered within the active site itself. It has previously been proposed that, because of the reactive nature of the perferryl species, any substrate that enters the active site is likely to undergo oxidation to some degree [3] . In this context, much of the apoprotein simply serves as a scaffold to maintain a productive reactive environment around the heme prosthetic group. Dynamics in the I-helix support the ability of active site residues to move independently. Whereas typically residues within the same helix have high MI to one another, residues in the I-helix do not. Residues in the center region of the I-helix, including the catalytic threonine residues Thr213,215 move relatively independently from one another and from the other residues in the I-helix. P450 I-helices contain structurally conserved "kinks" (bond angles that are not typical of helices) in the center region of the Ihelix. It is possible that this conserved structural mechanism is related to the ability of these catalytic residues to move without influencing the positions of non-catalytic residues.
This study provides evidence that conformational dynamics in CYP119 are linked to function. Functionally related residues move together. An active site that moves independently from the rest of the protein indicates that catalytic activity will be less sensitive to non-catalytic events such as interactions with other proteins in the crowded cellular environment. Segregation of the catalytic core from the rest of the protein is attractive in functional terms and is likely to occur in other proteins. Only further research will determine whether it is a property of thermophilic P450 enzymes, a broad range of P450 enzymes, heme proteins in general, or even a general characteristic of enzyme function.
Conclusion
Enzyme dynamics are intricately related to function and residues with correlated motion are likely to be functionally related. By building computer simulations of enzyme dynamics in all-atom detail, we can begin to build hypotheses for the role of dynamics in function. Correlated motions in our simulation suggest that active-site dynamics are decoupled from those of the rest of the protein, effectively insulating the catalytic machinery from interactions at the protein surface.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Correlated motion between residue pairs as measured by normalized mutual information (MI norm ). (A) MI norm between all residues pairs. The axes are labeled by the position of the helices. MI norm between a residue and itself (the diagonal line, by definition the highest MI norm of 1) has been removed from the color spectrum to facilitate viewing of the offdiagonal pairs. (B) Only the highest (red, MI norm > 0.35) and second highest MI norm pairs (green, 0.3 < MI norm <= 0.35) are highlighted. Circled in yellow are the most correlated offdiagonal residues, generally regions with beta strand secondary structure. (C) Residue pairs that are not neighbors in the primary sequence and have the highest (red) and second highest (orange) MI norm are highlighted on the ligand-free CYP119 structure used as the starting structure for molecular dynamics (1IO9 [24] ). View is from the distal side of the enzyme, and rotated to highlight the base of the F and G helices in (D). A modified k-means algorithm was used to cluster residues based on correlated motion. (A) 23 clusters emerge, and the simplified 23×23 matrix of the MI norm within and between clusters is shown. (B) The residues in each of the 23 clusters are colored to illustrate their positions in the structure. Functionally related residues, for example the catalytic threonines and the heme co-factor, are in the same cluster. Cluster numbers corresponding to Panel A are labeled on the structure. Coupling between clusters (the off-diagonal elements in the 23×23 matrix in Figure 2 ) is indicated in a view of the structure from the distal (A) and proximal (B) sides of the enzyme. Each of the 23 clusters has a different color, as in Figure 2 . Clusters that are highly coupled to neighboring cluster are shown in a surface representation, whereas clusters that are more loosely coupled to neighboring clusters are shown in cartoon representation. Tightly coupled clusters form a surface-exposed "shell" around the enzyme. Regions that have more loosely coupled clusters are involved in ligand interactions, redox partner interactions, and catalysis. The mean MI norm between each residue and all neighboring residues within 5Å (high MI norm is red, low MI norm is blue/green). The heme cofactor and residues in the catalytic site have the lowest MI norm , indicating that these residues move relatively independently from the rest of the enzyme. The mean MI norm between each residue and the heme cofactor in the active site (high MI norm is orange, low MI norm is blue). Residues most coupled to the heme cofactor are in the I-helix (distal side), including the catalytic residues, and in the loop containing the 317Cys thiolate ligand (proximal side).
